The purpose of the present studies was to examine the role and regulation of the antiapoptotic Flice-like inhibitory protein (FLIP) in rat granulosa cells by tumor necrosis factor ␣ (TNF␣) in vitro. Granulosa cells from immature rats primed with eCG were cultured in serum-free RPMI in the absence or presence of TNF␣ (20 ng/ml), cycloheximide (CHX, 10 g/ml), SN50 (a specific inhibitor of nuclear factor B [NFB] translocation, 100 or 200 g/ml), or a combination of these. (SM50, a mutated inactive peptide of SN50, was used as control.) Inhibitor B (IB; total and phosphorylated forms) and NFB binding abilities were measured by Western blot and electrophoretic mobility shift assay, respectively. Apoptosis was assessed by in situ TUNEL assay, whereas FLIP mRNA levels were determined by semiquantitative reverse transcriptase-polymerase chain reaction. TNF␣ alone failed to induce granulosa cell death but significantly increased the apoptotic cell number in the presence of cycloheximide. TNF␣ significantly up-regulated the expression of the short form of FLIP (FLIP S ) but not the long form (FLIP L ). TNF␣ induced IB phosphorylation and NFB activation. SN50, but not SM50, attenuated TNF␣-induced FLIP S expression and enhanced TNF␣-induced apoptosis. Down-regulation of TNF␣-induced FLIP S by FLIP S antisense expression enhanced TNF␣-induced apoptosis. A full length of rat FLIP S , with high homology to mouse FLIP S (85%), had been cloned and sequenced. These findings suggest that, in addition to its proapoptotic function, TNF␣ can induce an intracellular survival factor for the maintenance of follicular development. TNF␣-induced, NFB-mediated FLIP S expression is a determinant of granulosa cell fate.
INTRODUCTION
It is well established that granulosa cell apoptosis is the cellular mechanism responsible for follicular atresia in mammals [1, 2] . However, less is known about the crosstalk between proapoptotic and survival pathways in the regulation of this process. We have demonstrated that gonadotropin up-regulates X-linked inhibitor of apoptosis protein (XIAP) expression in rat granulosa cells during follicular development [3, 4] and that the phosphatidylinositol 3-kinase (PI 3-K)/Akt survival pathway is downstream of XIAP in this regulation [5] . XIAP, PI 3-K, and Akt are important cell survival intermediates that are believed to be modulators of follicular atresia, although how they are regulated in the induction of atresia is not understood.
Tumor necrosis factor ␣ (TNF␣) is a multifunctional cytokine with proapoptotic properties, and also induces proliferation and differentiation of many cell types [6] . In the ovary, macrophages, white blood cells, oocytes, and follicular cells produce TNF␣, and TNF␣ has been shown to suppress follicular cell differentiation via inhibition of gonadotropin-stimulated cAMP [7] and steroid production [8, 9] . TNF␣ plays a key role in follicular development and atresia, and decreases ovarian cell viability and proliferation [6] and stimulates apoptosis in cultured ovarian follicles [10] . However, TNF␣ alone failed to induce apoptosis in murine granulosa cells in vitro but promoted Fas-mediated cell kill [11] . Treatment with cycloheximide (CHX) potentiated Fas-mediated death, suggesting that inhibitors of the Fas death pathway might be present and regulated in granulosa cells [11] . When TNF␣ binds its receptor (TNFR1), capase-8 and caspase-3 are cleaved and activated [12, 13] , and induction of IB phosphorylation and degradation activates nuclear factor B (NFB) [14, 15] . Recently, we have demonstrated in rat granulosa cells that XIAP expression is regulated by the TNF pathway via an NFB-mediated mechanism [16] .
Flice-like inhibitory protein (FLIP) is an antiapoptotic factor that structurally resembles caspase-8 but lacks proteolytic activity (the cysteine residue within the active site) [17, 18] . FLIP is recruited to the death-inducing signaling complex (DISC) through the adaptor molecule, Fas-associated death domain (FADD), thereby preventing the recruitment of caspase-8 into the complex and subsequent caspase-8 activation, and then suppresses apoptosis [19] . FLIP exists in 2 different spliced isoforms, long (FLIP L ) and short (FLIP S ), both of which contain 2 death-effector domains (DEDs) within their N-termini [17] . FLIP L isoform includes an additional C-terminal structure resembling the p20 and p10 subunits of caspases, and is closely related to caspase-8 when primary sequences are compared [20] .
In the present study we hypothesized that TNF␣ induces FLIP S expression and that this response prevents TNF␣ receptor death signaling. We have investigated the ability of TNF␣ to induce granulosa cell apoptosis in the presence and absence of CHX and explored intracellular mechanisms that mediate the TNF␣ action. Specifically, we have studied the involvement of NFB in TNF␣-induced FLIP expression using SN50 (a specific inhibitor of NFB translocation) and FLIP S antisense cDNA expression vector. 
MATERIALS AND METHODS

Reagents
Preparation and Culture of Rat Ovarian Granulosa Cells
Immature female Sprague-Dawley rats at 24-25 days of age were injected with eCG (15 IU, s.c.) 24 h before the ovaries were removed. Granulosa cells were collected by follicular puncture, washed, and pelleted (200 ϫ g for 5 min). Cells were resuspended and plated for 24 h at a concentration of 5 ϫ 10 5 cells per 35-mm dish in 2.5 ml of RPMI 1640 with 10% FBS. To effectively block NFB activation, granulosa cells were pretreated with SN50 (15 min; SM50 as control) before the addition of TNF␣ (20 ng/ml). At the end of the incubation period the cells were harvested by trypsinization (0.5% trypsin and 5.3 mM EDTA) and centrifugation (200 ϫ g for 5 min) for further analysis.
Cell number in each treatment group was determined with a hemocytometer. Cell viability before treatment, as determined by a previously described trypan blue dye-exclusion test [21] , was about 90%.
Cloning and Sequencing of Rat FLIP S cDNA
Rat FLIP S cDNA was amplified by reverse transcriptase-polymerase chain reaction (RT-PCR) using four sets of primers: forward, 5Ј-GCTTCTCGTGGTTCCCAGAG-3Ј (2-21); reverse, 5Ј-CCAATCTCCAT-CAGCAGGACCC-3Ј (391-370); forward, 5Ј-GCCAAGGACAAGAG-TTTCTTGG-3Ј (474-495); reverse, 5Ј-AGCTTTCCACAGTAGT-CATGCC-3Ј (949-928); forward, 5Ј-GCCCATTATCTGGGCATGACTA-3Ј (916-937); reverse, 5Ј-TCAGGAAGTTTATTTTGCAGCA-3Ј (1589-1568); forward, 5Ј-GGCGGTTTGACCTGCTCAAGAG-3Ј (277-298); reverse, 5Ј-ACTGGTTCATGCTGATATTCCA-3Ј (737-716).
The first 3 sets of primers designed were based on the mRNA sequence of mouse CASH beta protein (FLIP S ) (GenBank accession number MMY14042) and the last set designed was based on the sequenced rat FLIP S cDNA. The PCR products were subcloned into pcDNA3.1/CT-GFP-TOPO vector and sequenced by automated sequence analysis (GenBank accession number AF244366).
Preparation of FLIP S Sense and Antisense Constructs
The cDNA fragment encoding the open reading frame of rat FLIP S (nucleotides 54-710) was prepared by RT-PCR using the primers 5Ј-CTGACTTCTGCGGTTCTGAACA-3Ј (33-54) and 5Ј-CTGCTGATA-TTCCACACACTGGCT-3Ј (706-685). The primers were designed based on the rat FLIP S sequence (GenBank accession number AF244366), and the PCR products were subcloned into pcDNA3.1/CT-GFP-TOPO expression vector. The antisense FLIP S -pcDNA3.1/CT-GFP constructs were verified by automated sequence analysis.
Transient Transfection
Rat granulosa cells were seeded in 60-mm dishes (1 ϫ 10 6 cell/dish) and transfected the following day with 4 g of the expression vector pcDNA3.1/CT-GFP alone or pcDNA3.1/CT-GFP containing rat FLIP S antisense cDNA using Effectene Transfection Reagent. Twenty-four hours after transfection, cells were treated with TNF␣ (20 ng/ml) for 6 h and then harvested for further analysis. The transfection efficiency was approximately 60%. total RNA was reversed transcribed for cDNA synthesis using oligo-dT as primer. One tenth (2 l) of the cDNA synthesized was then amplified with the following primers for mouse FLIP L (GenBank accession number U97076): forward, 5Ј-CCGTGACAGTCAAAGAACACTG-3Ј (825-846); reverse, 5Ј-GGAGAACCCTGAGTGAACTTGA-3Ј (1173-1152). The primers used for rat FLIP S were forward, 5Ј-GCCAAGGACAA-GAGTTTCTTGG-3Ј (444-465); reverse, 5Ј-AGCATTCCACAGTAGT-CATGCC-3Ј (926-905). Human ␤-actin (GenBank accession number NM001101) primers were forward, 5Ј-GAAACTACCTTCAACTCCA-TC-3Ј and reverse, 5Ј-CGAGGCCAGGATGGAGCCGCC-3Ј. PCR cycle conditions for FLIP L and FLIP S were 95ЊC for 15 min, 94ЊC for 45 sec, 60ЊC for 1 min, and 72ЊC for 1 min for 35 cycles, and 72ЊC for 10 min. ␤-Actin conditions were 95ЊC for 15 min, 94ЊC for 45 sec, 55ЊC for 1 min, and 72ЊC for 1 min for 25 cycles, and 72ЊC for 10 min. Samples were resolved on a 2% agarose gel and visualized with ethidium bromide. FLIP S mRNA levels were normalized with its respective ␤-actin contents.
Protein Extraction and Western Blot Analysis
Cells were sonicated in a lysis buffer (pH 7.4) containing NaCl (150 mM), SDS (0.1%), sodium deoxycholate (0.5%), NP-40 (1%) in PBS, and protease inhibitors (1 mM PMSF, 10 g/ml aprotinin, and 1 mM sodium orthovanadate). The sonicates were pelleted (15 000 ϫ g for 20 min) and the supernatant was retained and stored at Ϫ20ЊC. Protein content of the extracts was determined with the Bio-Rad DC Protein Assay Reagent. Samples (50 g protein) were mixed with loading buffer, resolved by 12% SDS-PAGE, and electrotransferred (30 V, overnight) onto nitrocellulose membranes. After blocking for 1 h with nonfat milk powder (5%) in Trisbuffered saline (TBS; 10 mM Tris and 150 mM NaCl) and 0.05% Tween-20 (TBS-T), membranes were incubated for 3 h with primary antibodies in TBS-T containing 5% nonfat milk powder, and subsequently with horseradish peroxidase (HRP)-conjugated secondary antibody (1:5000 to approximately 10 000) in TBS-T with milk powder (RT for 45 min). Immunoreactivity was detected by chemiluminescence autoradiography (ECL kit) in accordance with the manufacturer's instructions.
Electrophoretic Mobility Shift Assay
Nuclear extracts of rat granulosa cells were prepared as previously described [22] with minor modifications. Briefly, 3 ϫ 10 6 cells were pelleted (200 ϫ g for 5 min) and resuspended in 30 l of buffer A (10 mM Hepes pH 7.9, 10 mM KCl, 1.5 mM MgCl, 0.5 mM DTT, 0.5 mM PMSF, and 0.67% Nonidet P-40). Cells were allowed to swell (0ЊC for 15 min) and were centrifuged (10 000 ϫ g at 4ЊC). The supernatant was collected and stored at Ϫ80ЊC. The cell pellet (containing cell nuclei) was resuspended in 30 l of buffer B (20 mM Hepes pH 7.9, 0.4 M NaCl, 0.2 mM EDTA, 1.5 mM MgCl, 0.5 mM DTT, and 0.5 mM PMSF) and rocked vigorously (4ЊC for 15 min). The nuclear extract was centrifuged (10 000 ϫ g for 30 min) and stored at Ϫ80ЊC. Double-stranded DNA oligonucleotides containing consensus sequences for NFB were 32 
TUNEL Technique
In situ cell death detection by the TUNEL technique was carried out as previously described [23] . Fifty microliters of the cell suspension was placed on the positively charged slides, air-dried, fixed with formaldehyde (10% for 30 min), and immersed in methanol containing H 2 O 2 (0.3%). After a 15-min rinse with distilled water, the slides were incubated in the terminal deoxynucleotidyl transferase (TdT) buffer (25 mM Tris-HCl, 200 mM sodium cacodylate, 5 mM cobalt chloride, and 250 g/ml BSA pH 6.6 for 15 min) and then in 50 l of TdT buffer containing 10 U TdT and biotinylated dUTP (1 nmol) in a humidified chamber at 37ЊC for 60 min. The biotinylated dUTP molecules incorporated into nuclear DNA were visualized with horseradish peroxidase-conjugated streptavidin (1:100; RT for 30 min) and DAB solution (RT for 5 min). At least 500 cells were counted in each experimental group.
Statistical Analyses
Results are expressed as means Ϯ SEM of 3 independent experiments. Statistical analyses were carried out by one-way or two-way ANOVA. Significant differences between treatment groups were determined by the Tukey test. Statistical significance was inferred at P Ͻ 0.05. Because FLIP S mRNA abundance (Figs. 3 and 5 ) and protein content (Fig. 6a) were expressed as folds of control, the data were arcsine square root transformed before ANOVA. Differences in the extent of apoptosis between experimental groups (Table 1 and Fig. 6b) were analyzed with the chisquare test.
RESULTS
Cloning and Sequence Analysis of Rat FLIP S cDNA
We cloned the open reading frame of 654 base pairs of rat FLIP S cDNA by the RT-PCR method ( Fig. 1 ; GenBank accession number AF244366). The coding region of rat FLIP S cDNA shows high homology with its mouse counterpart at the nucleotide (88%) and amino acid (85%) levels [24] . Homology to human is 65% in the amino acid [24] .
TNF␣-Induced Apoptosis in the Presence of CHX
Rat ovarian granulosa cells were cultured for 12 h in serum-free RPMI 1640 medium in the absence or presence of TNF␣ (20 ng/ml), CHX (10 g/ml), or CHX plus TNF␣. Treatment of cells with either CHX or TNF␣ alone failed to induce granulosa cell apoptosis as determined by in situ TUNEL assay (Fig. 2, Table 1 ). In the presence of protein synthesis inhibitor, the cytokine significantly increased the number of TUNEL positive cells in the cultures (P Ͻ 0.01).
TNF␣ Increased FLIP S mRNA Steady-State Levels
To determine whether FLIP is the putative survival factor induced by the cytokine, granulosa cells were incubated with TNF␣ (20 ng/ml) for 1, 3, and 6 h, and FLIP S and FLIP L mRNA abundance were measured by semiquantitative RT-PCR. Whereas TNF␣ has no apparent effect on steady state FLIP L mRNA levels, it rapidly increased FLIP S mRNA abundance. A significant elevation in FLIP S mRNA levels was evident within 1 h of TNF␣ challenge and was sustained for at least 6 h (P Ͻ 0.01; Fig. 3, A and B) .
NFB Activation Is Involved in the TNF␣-Modulated FLIP S Expression
To assess whether NFB activation is involved in TNF␣-induced FLIP S expression, we examined the temporal changes in phosphorylated IB, total IB contents, and nuclear NFB binding ability in rat granulosa cells in response to TNF␣. Treatment of granulosa cells with TNF␣ (20 ng/ml) resulted in increased phosphorylated IB levels, which reached a maximum at 5 min and subsequently dropped to pretreatment levels (Fig. 4a) . Total IB levels remained constant until 5 min following the TNF␣ challenge, after which a significant decrease was observed at 15 min (Fig. 4a) . Nuclear NFB binding ability, as measured by electrophoretic mobility shift assay, was markedly increased after TNF␣ challenge, reaching a maximum at 15 min (Fig. 4a) .
To determine whether TNF␣-induced FLIP S expression is mediated via NFB activation, the influence of the treatment of SN50, an inhibitor of NFB translocation on nuclear NFB binding ability and FLIP S abundance was examined. Addition of SN50 to granulosa cell cultures 15 min before TNF␣ challenge markedly attenuated NFB activation, as evident by suppressed nuclear NFB binding activity in a concentration-dependent manner. However, the same concentrations of the inactive peptide SM50 (100 and 200 g/ml) were ineffective (Fig. 4b) . These responses were coincidental to a marked decrease in TNF␣-induced FLIP S mRNA expression. FLIP L mRNA abundance was not affected by any of the treatments (Fig. 5) .
FLIP S Modulated TNF␣-Induced Apoptosis in Granulosa Cells
To confirm the role of FLIP S in the suppression of TNF␣-induced apoptosis, the influence of FLIP S down-regulation by FLIP S antisense expression before treatment with the cytokine was assessed. Expression of FLIP S antisense cDNA in granulosa cells blocked the TNF␣-induced increase in FLIP S protein content (Fig. 6a) . Down-regulation of FLIP S expression significantly increased TNF␣-induced apoptosis (P Ͻ 0.001, Fig. 6b ).
DISCUSSION
This report is the first to demonstrate the regulation of FLIP S by TNF␣ in granulosa cells and its molecular cloning in the rat species. The rat FLIP S sequence proved to have substantial homology with its mouse counterpart (88% in nucleotide and 85% in amino acid) and less homology with human ␤-CASH (hFLIP S , 65% in amino acid) [24] . The role of FLIP in the regulation of apoptosis is controversial because it has been described as both a proapoptotic molecule [24] [25] [26] and an antiapoptotic molecule [17, 24, 27, 28] in different cell types. It has been demonstrated that the transgenic c-FLIP Ϫ/Ϫ mouse embryo rarely survived past Day 11 of embryogenesis and that their fibroblasts were highly sensitive to FasL-or TNF-induced apoptosis, showing rapid induction of caspase activity [29] .
In the present study, we have shown that TNF␣ up-regulates both FLIP S mRNA and protein. In the presence of TNF␣ alone, rat granulosa cells do not undergo apoptosis. This may be explained by the up-regulation of FLIP S . Our hypothesis is that increased expression of FLIP S by TNF␣ prevents TNF␣ receptor downstream death signaling. We have also demonstrated a similar pattern of FLIP S regulation in a human ovarian epithelial cancer cell line (OV2008) by TNF␣ (unpublished data). The importance of FLIP S in the blockade of TNF␣-induced apoptosis in granulosa cells is further supported by the experiments with CHX, an inhibitor of protein synthesis. In the presence of CHX, TNF␣ was able to induce apoptosis. Because treatment of granulosa cells with TNF␣ stimulates the transcription of FLIP S mRNA and its protein synthesis, it is not surprising to see a decrease in FLIP S protein and an increase of apoptosis in the presence of both CHX and TNF␣.
To further demonstrate the importance of FLIP S in the prevention of apoptosis induced by TNF␣, we designed and constructed an expression vector containing FLIP S antisense cDNA and transfected the granulosa cells with the construct to down-regulate FLIP S expression in granulosa cells. TNF␣ was able to induce apoptosis even in the absence of CHX after FLIP S down-regulation, supporting our hypothesis that TNF␣ could not induce apoptosis alone because of the increased expression of FLIP S .
The intracellular death domain of TNF␣ receptor (TNFR1) is coupled to both apoptotic [30] and NFB cell activation [31, 32] pathways. It was important to determine whether the activation of NFB pathway was responsible for the up-regulation of FLIP S mRNA gene expression. Our results have shown that TNF␣ induced a rapid phosphorylation of IB and an increased nuclear NFB binding ability. These findings were supported by the observation the nuclear localization sequence (SN50), which inhibited TNF␣-induced NFB translocation from cytoplasm into nucleus, significantly attenuated TNF␣-induced FLIP S mRNA and protein expression. In this context, the TNF␣-induced NFB pathway acts as a survival pathway, because activation leads to up-regulation of the survival factor FLIP S . These results are consistent with the recently published evidence showing that TNF␣-induced FLIP expression is mediated through activation of the NFB signaling pathway [33, 34] . However, our results show that FLIP L expression in rat ovarian granulosa cells is not regulated by TNF␣ and NFB activation, and probably plays a minor role in the regulation of TNF␣-induced apoptosis.
In conclusion, we have demonstrated that FLIP S plays a key role in conferring granulosa cell resistance to the cytotoxic action of TNF␣. The regulation of the survival factor FLIP S in granulosa cells during follicular development and atresia may be critical in determining the fate of these cells. Further studies are necessary to precisely determine the regulation of FLIP S in vivo.
